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1. Introduction

As specified in the Scope of Work, this task focused on development of two software programs
for use with training devices which display moving targets overlaid on bitmapped terrain images. The first
part of the task was to develop a program called PathEdit used to define the paths which the targets follow
across the terrain. The second part of the task was to develop a program called Depth Finder used to
produce per-pixel depth data for terrain images generated by taking photos with a digital camera. The two
executable programs together with their source code are being delivered on floppy disk as part of this task.
This report describes and documents the two programs.

In a number of places this report refers to the “existing BST system.” This phrase refers to a
training device currently in use called the Basic Skills Trainer. The BST uses custom hardware to perform
the graphics operations for panning the terrain image and animating the targets. The programs developed
for this task serve the dual purposes of (1) generating new data for use within the existing BST system and
(2) providing proof of concept and software components for a replacement to the existing BST requiring
only standard PC hardware to generate the training scenario animations.

Both PathEdit and Depth Finder use the Win32 API, and so are designed to run on a personal
computer running either Windows 95 or Windows NT. PathEdit can be run with the display configured
for 256 or more colors. Depth Finder, which is designed to work with 24-bit-per-pixel images , requires
the display to be configured for “high color” (16-bit, 65536 colors) or “true color” (24-bit, 16 million
colors). '

In this report technical terms requiring definition are underlined when being introduced and
defined.



2. The PathEdit Program

2.1 Overview and File Structure

PathEdit is designed to generate scenario description, path record, and event files which conform
to the format used by the existing BST (Basic Skills Trainer). Those file formats are documented
elsewhere, so some details will be omitted here. The following directory structure is assumed by the

PathEdit program:

Parent Directory pathedit PATHEDIT.EXE

scenario scenario cross-ref file,
scenario description files,
TSCALE.TXT,
TERRAIN.TXT

targets target bitmap files

terrains terrain and associated depth files,
buffer download, path record, event,
and path vertex files

The parent directory can be the root directory or any subdirectory and its name is not important.
However, it must have three subdirectories named “scenario”, “targets”, and “terrains” and the PathEdit
executable file (PATHEDIT.EXE) must reside in a subdirectory (whose name does not actually need to be
“pathedit”) at the same level as these other three.

A terrain image is stored as an 8-bit-per-pixel bitmap (.BMP) file containing a color palette. The
terrain name is the string of up to 8 characters which is the part of the filename preceding the period; for
example, the terrain named “BUILTUP” is stored in file BUILTUP.BMP. Each terrain has an associated
depth file with filename consisting of the terrain name followed by the extension DEP; for example
BUILTUP.DEP. This file contains an 8-bit depth value for each pixel in the terrain file, and nothing else
(no header or other formatting bytes). Each terrain also has a two-digit terrain id number, used to

designate the terrain in other files and filenames. The list of terrains available within PathEdit is specified




by TERRAIN.TXT, which is an ASCII text file containing one line for each terrain, listing the terrain id,
terrain name, and three numbers which are viewing parameters explained in section 2.2.

Targets are drawn over the terrain in one of 48 views depending on which way the target is
oriented relative to the viewer. This is accomplished by storing the 48 views as separate bitmaps within an
IND file. Each target type has a name consisting of up to eight characters used to name the file. For
example, the 48 views of the T72 target are stored in file T72.IND in the targets directory. The IND file is
simply the concatenation of the 48 bitmap files holding the different views. The list of target types
available within PathEdit is specified by TSCALE.TXT, which is an ASCII file containing one line for
each target type, listing the target name, a scale factor, and optionally the letter ‘F’ designating the target as
a flying target. In drawing the target over the terrain image, the target is scaled based on a range value for
the current target location and the scale factor found in TSCALE.TXT and then two clipping conditioné
restrict which pixels are drawn. The first condition is that only nonzero-valued pixels in the target bitmap
are drawn; thus zero is treated as the background or transparent color when the target bitmaps are created.
The other condition is a depth comparison made between a single depth value for the current target
location and each pixel in the (.DEP) depth file described above, thus allowing the whole target or a
portion of it to be occluded by objects deemed closer. The method of obtaining determining a range and a
depth value for a target location is discussed below.

In the terminology of the BST, a scenario consists of a choice of terrain together with a set of

targets, each target having a designated target type and target path. A target path specifies the locations
visited by the target and timing information for moving from location to location. Each scenario has an
associated four-digit scenario id number.

The scenario cross-reference file is an ASCII text file named SCEN_TER.XRF containing one
line for each available scenario, listing the scenario id number, terrain id number, and terrain name for that
scenario. Each scenario has an associated scenario description file named SCENXXYYYY.DES, where
XX is the terrain id and YYYY is the scenario id. The scenario desciption file is also an ASCII text file,
and contains a single header line followed by one line for each target path in the scenario, listing the path
id, starting frame number, target name, target color, and a flag indicating whether the target is moving or
stationary. The path id is a four-digit number used to specify the other files describing the path. The
starting frame number is always 1. A frame as used here is the basic clock unit used in defining paths, and
equals 1/60 of a second.

The files associated with a path are the path record file (REC), event file (EVT), buffer download
file (BDC), and path vertex file (.PTH). The first three file types are required by the existing BST system,
whereas the path vertex files are specific to PathEdit. The path record file is a binary file containing
records for each pixel location visited by a target following the path. The event file is a binary file

containing records indicating points along the path where the status of the target changes. The buffer




download file is a binary file associated with a specific target path in a specific scenario, indicating the
assignment of image buffers within the BST for that target. Buffer download files are generated by
PathEdit but not used within PathEdit. Path vertex files are used by PathEdit in editting paths; these files
are ASCII text files containing one line for each vertex along a path, a vertex being a location where the
target changes speed or direction. Between vertices a target moves in a straight line at constant ground
speed, or is stationary. The portion of a path joining two vertices is referred to as a path segment. Vertex
locations are given in a 3D coordinate system defined with respect to the ground and viewing location. We

will call these 3D coordinates ground coordinates; the 2D coordinates specifying a column and row number

in the terrain image will be referred to as pixel coordinates. Section 2.2 explains the math model used to
relate ground and pixel coordinates. Each line in a path vertex file contains five fields: the first three
giving the X, y, and z ground coordinates of the vertex location, the last two giving the frame count and
view number for the segment joining the current vertex and the one given on the following line. The frame
count and view number on the last line of the file refer to an implicit stationary segment at the end of the
path; i.e. once the target reaches the vertex location given in the last line of the file it remains at that
location for the number of frames given in the last line. The view number given in the file is in the range 0
to 47, whereas it is displayed to the user running PathEdit as a number in the range 1 to 48.

As mentioned above, each pixel location visited by a target along its path is stored in a path
record. In addition to two fields for the x and y pixel coordinates, a path record contains a frame count,
target range, depth, buffer number, and rotation value. PathEdit generates these path records from the
path vertices and associated information. We now give an overview of how this is done.

Each path segment joining two vertices is subdivided by PathEdit into path records containing
each of the pixel locations along that segment This subdivision splits up the frame count for the path
segment into frame counts for the path records which add up to the specified segment total. PathEdit does
this subdivision using the ground coordinates of the vertex endpoints so that the frame counts of the path
records reflect a target moving at constant ground speed along the segment. Ground coordinates along the
segment are converted to pixel coordinates to go into the path records. The range value is taken to be
equivalent to the ground z-coordinate as discussed in section 2.2. PathEdit does not deal with the path
record rotation values; it always generates zero for that field. This leaves the depth and buffer numbers to
be explained.

The depth value stored in the path record is determined by reference to a table relating pixel y-
coordinates to depths. One such table is stored for each terrain in the form of an ASCII file
DEPTHXX.TXT, where XX is a terrain id, in the terrains directory. The file lists on each line a raster line
number number followed by a integer depth value between 0 and 255. The depth value indicates the depth
of an object on the ground and displayed on the given raster line. Thus to generate the path record depth

field for a target on the ground, PathEdit simply looks up the value in this table using the y-pixel




coordinate already obtained for the path record. For a flying target, PathEdit does the same lookup, except
that the y-pixel coordinate is obtained by converting to pixels the point beneath the target on the ground.
The buffer number in a path record specifies a particular view of a particular target type through a
lookup scheme involving the assignment of these views to buffers given in the buffer download files.
Details of that lookup scheme are not detailed here because it is specific to the existing BST system and
documented there; however it should be noted that the scheme requires the REC and BDC files to be
generated together for the whole scenario, since they contain indices which are meaningful only within that
context. The PTH files are not restricted in that way, but rather are essentially tied only to a particular

terrain.



2.2 Math Model

This section explains the modeling of the imaging process used to relate 3d ground coordinates to

pixel coordinates of the terrain files.

y
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Figure 1: Math Model used by PathEdit

As illustrated in the diagram above, the model being used is simple perspective projection, which projects a
point in space onto an image plane by intersecting that plane and the straight line joining the point and the
center of projection. The center of projection, which can be thought of as the camera location, is located
on the y-axis at (0, y,, 0) and the image plane is the plane z = f. The viewing direction is positive z.
Labeling an arbitrary point in space (X, y, ) and its projection in the image plane (x', y', f) as in the

diagram, collinearity of these two points and the center of projection implies:
&, vy, D=1xv,2) -0,y 0)] f/z, or
X' =x{/z

y'=(@-y)iz

Bitmap image coordinates (x", y") are obtained from (x', y') by a scale and translation:

X" =sx" +x,=x(sf)/z+ X,



y'=-sy'+y, =-(y-yJ)sD/z+y,

The original coordinates (X, y, z) are in meters, whereas (x", y") are in pixels (the pixels of the image file;
further scaling may be applied in generating screen coordinates when "zooming" in or out). We use the
convention that image file coordinates start at (0, 0) in the upper left hand corner; hence the negative sign
in the equation for y" above. Because parameters s and f appear in the equations above only together as a
product sf, we regard them as a single parameter sf to be determined.

Additional assumptions made within PathEdit are that the ground x-coordinate at the center of the
image is zero, which implies that x, = (xsize - 1)/2, where xsize is the size in pixels of the image in the x
direction, and that the ground is the xz-plane, which implies that y, is the image coordinate of the horizon.
Parameters y,, y., and sf are the three viewing parameters mentioned in section 2.1 as being stored for each
terrain in the TERRAIN.TXT file. PathEdit has a menu option (“Edit Terrain Parameters™) for editting the
values of these three parameters. As mentioned above, y, should be entered as the y-pixel coordinate of
the horizon line; for example y, = 108. The other two values can be determined from the desired ranges
and scaling of objects in the terrain image, using the fact that z-coordinates correspond to range and sf/z
represents the meter-to-pixel scaling factor for objects with a given z-coordinate. For example, for
BUILTUP.BMP we may decide that one of buildings’ doors, located at y" =300 and 15 pixels high, should
be at a range of z = 420 and be 2.5 meters high. Then sf and y, may be determined as follows:

sf/420 = 15/2.5, or sf = 2520.
300 = (2520/420)y, + 108, or y, = 32.0




2.3 Program Operation

2.3.1 Initial Windows

The initial windows displayed by PathEdit on startup are shown in Figure 2. On the left is the
main program window, which serves to display the terrain image and overlaid targets and active target
path. It also has the main program menu at the top and a “Run Info” display attached along the bottom

edge. Closing this window exits the program. On the right is the “Edit Scenario” dialog box. On startup

Figure 2: Initial PathEdit Windows

the main window will be blank, indicating no terrain file or scenario has been loaded; this will also be
reflected by the top two fields of the Edit Scenario dialog box being blank. A terrain may be loaded by
selecting from the drop-down terrain list, or a scenario loaded by selecting from the drop-down scenario
list. Loading an existing scenario automatically loads its associated terrain. To create a new scenario, first
select a terrain, then select the last entry (labeled “new’) in the scenario list.

Further discussion of the edit scenario dialog box is given in the next section. We now briefly

describe the controls on the “Run Info” display at the bottom of the main program window. At the left are




fields for pixel coordinates, depth, and range. These fields are readouts which update as the mouse cursor
moves over the terrain image displayed above. The range displayed assumes that the mouse cursor ison
the ground; when it moves to a location above the horizon the readout changes to n/a. All of these readouts
also change when the active target moves as a result of user interaction on the edit path and edit events
dialog boxes. In that situation, the readouts typically show the parameters for the active vertex, as
discussed below in regard to the edit path dialog box. However, whenever the mouse cursor is moved over
the terrain display, the readouts will again update to reflect its location.

The controls to the right are the current frame scrollbar and associated go, pause, and reset
buttons, and timer readout. These control and display information about the scenario timeline. Whenever
a scenario is loaded within PathEdit, the user can run or pause the scenario, using the go and pause buttons
or corresponding options on the run menu. The reset button returns the scenario to the initial frame. The
scrollbar extents correspond to the length of the scenario, so that dragging the scrollbar button to the left or
right end of the scrollbar takes the user to the initial or final frame of the scenario. The timer readout

shows the current position along the timeline in tenths of a second.

2.3.2 Editting a Scenario

Once a scenario has been loaded, the list of targets for that scenario will be displayed in the dialog
box list as shown in Figure 2. Each line in the target list shows a path id, a target name, and a number
representing the number of distinct views of the target needed for that path. This may be less than the
number of segments in the path, because multiple segments may use the same view and also because views
which are accounted for by preceding targets in the list of the same target type are not counted again. Thus
the numbers in the right column add up to the number in the field below labeled “Views used,” which
represents the overall number of distinct target views used by the scenario. This display is useful because
the existing BST system has an overall limit of 31 target views per scenario.

We will refer to the target which is currently highlighted in the target list as the active target. The
path of the active target is drawn in the main display window.

The field labeled “Total Frames” shows the running time of the scenario in frames (sixtieths of a
second). A button beside the field brings up a dialog box which allows the user to modify the total frames
value. That dialog box shows a breakdown of the total frames into “frames with movement” and “trailing
static frames.” Recall from the discussion in Section 2.1 that each path is defined by a sequence of
vertices, each of which has an associated frame count. For all the vertices except the last this frame count
refers to the time spent between that vertex and the following one. The frame count for the last vertex is
time spent sitting at that location while the total frame count for the scenario runs out. While editting paths
as discussed below, PathEdit adjusts this last frame count for each path in the scenario so that the total
frame count for each path matches the total frames for the scenario. When modifying the total frame count

for the scenario, the user is not allowed to shorten the frame count for any path already in the scenario,




except by reducing the frame count of the path’s last vertex. To further reduce the total frames for the
scenario, the user must remove the target with the long path from the scenario or edit the long path,
reducing its frames with movement, and then return to the modify total frames dialog box.

The field labeled “Total Records” displays the total number of path records for the scenario; i.e.
the sum of the lengths (in records) of the paths in the scenario. This is helpful information because the
existing BST has a limit on this number.

The buttons to the right of the target list on the edit scenario dialog are:

(1) Edit Path This button closes the edit scenario dialog box and brings up a dialog box for
editting the path of the active target.

(2) Edit Evts This button closes the edit scenario dialog box and brings up a dialog box for
editting the events along the path of the active target.

(3) New This button adds a new target to the scenario. A dialog box comes up allowing
the user to select the target type and color and to select either an existing path
for the new target or to create a new path. If the user chooses to create a new
path the user will be taken directly into the edit path dialog box.

(4) Delete This button removes the active target from the scenario. This action does not
delete the target bitmap or other files associated with the target; it just deletes
the entry for the target in the scenario description file.

(5) Modify This button brings up a dialog allowing the user to change the target type
and/or color for the active target.

2.3.3 Editting a Path

Figure 3 shows the edit path dialog box. Several user actions cause this dialog box to come up:
hitting the edit path button on either the edit scenario dialog box or the edit events dialog box, selecting
edit path on the file menu, or choosing to create a new path when adding a new target to a scenario. A list
near the top of the dialog box displays the path vertices with fields labeled frame, x, y, view, and frame_ct;
these fields hold the starting frame number for the vertex, x and y pixel coordinates, view number (1-48),
and frame count. As mentioned earlier, the frame count for a vertex represents the number of frames used
in moving from the given vertex to the next vertex, except for the last vertex where it represents the
number of frames for which the target remains at the last vertex location while the scenario runs to
completion. Thus the values in the frame_ct column add up to the total frames for the scenario. As the
path is editted, the last vertex frame count is adjusted to maintain that sum, so the last frame count may be
regarded as a reserve which the user is drawing down. If the user edits the path in such a way as to cause
this reserve to run out, so that the number of frames of movement exceeds the scenario total frames, then

the scenario total frames value is increased and a warning message box appears to tell the user that this has




happened. In this situation closing the edit path  [EETY=NYY]
dialog box without saving the results will cause B :
the scenario total frames to be reset to its
previous value.

The active target path is displayed in
the main program window, with small boxes
indicating the vertices. The vertex
corresponding to the highlighted row in the
vertex list is called the active vertex. A vertex
may be made active by selecting it in the vertex
list or by moving the mouse cursor near one of
the vertex boxes. Making a vertex active
causes the scenario to move to the starting
frame number for that vertex (and pauses the
scenario at that point if it was running).
Information about the active vertex and the
associated path segment is displayed in the

fields below the vertex list, and most of the

editting options available to the user apply to
this vertex or segment. The user may type - — —
values into the pixel location or ground speed Figure 3: Edit Path Dialog Box
fields (ground speed is in meters/sec) and hit the apply button to change these parameters. A vertex is
called a stationary vertex if the next vertex in the list is at the same location or if it is the last vertex. When
a stationary vertex becomes active, the ground speed field changes to a frame count field, allowing the user
to enter the number of frames at which the target is stationary at that location. The view number for a
vertex may be changed using the up/down arrows or computed based on the direction of the path segment
using the compute button. These changes take place immediately and the display of the target updates to
reflect the change. Certain target types are designated as being flying targets. When the active target is a
flying target, the edit path dialog box displays an altitude field in place of the view number field.

The add and delete vertex buttons are fairly self-explanatory. When adding a vertex, the new
vertex goes after the active vertex and becomes the new active vertex. The user has the choice of adding
the new vertex at the same location or at a new location. In the first case, the previously active vertex
becomes a stationary vertex. In the second case the new vertex is added at the halfway point along the
active segment, or if it is being added at the end of the path, at a location to the right of the last vertex.

The active vertex may be moved interactively with the mouse, in the standard manner of

drag/drop mouse operations using the left mouse button. When this is done with a vertex where one or




more stationary vertices are located, the whole set of vertices at that location move together. Frame counts
are adjusted for the preceding and/or following segments so as to maintain the ground speeds along those
segments at their previous values. This means that moving a vertex typically draws down or adds to the
frame count for the last vertex. Other editting operations such as changing a ground speed or in some cases
adding or deleting a vertex have this effect as well.

When the path has been editted as desired, the user may save the changes to the current path
vertex file (which is determined by the path id number) using the save button. The path may be saved to a
new file based on a new path id using the “save as” button. Note: saving changes on either the edit path
dialog box or the edit events dialog box actually saves both the path vertex (PTH) file and the event (EVT)
file for the path, but not the buffer download and path record files. The latter files tie the whole scenario
together and therefore are only saved at the time the scenario description file is saved, by using the save

button on the edit scenario dialog box.

2.3.4 Editting Events

Associated with each path is a

sequence of events, which record changes to
the status of a target as it moves along its

path. Figure 4 shows the dialog box used to

) . : 0 OPEN PREF TOP FULL OPEN
edit these events for the active target path. ; 895 MEDIUN MUST TOP TOP
1050 OPEN PREF_DIR
1638 TOTAL  MUST_TOP NONE OPEN
2346 OPEN PREF_DIR FULL

The target status consists of 4 states, namely
a clutter state, attack state, solution state,
and hitable state. Each of these states is one
of an enumerated list of possible values for
that state; for example the possible clutter

states are “open”, “medium”, “maximum”,

and “total.” These state values and their

meanings are given in the documention of
the existing BST system and so will not be
detailed further here. -

As a target moves along its path,
one or more of its states may change. Such
a change is called an event. Events are
listed on the dialog box by showing on the

first line the initial value for all four states

and on succeeding lines displaying only Figure 4: Edit Events Dialog Box




those values which change from the one above. Event locations are displayed in the main display window
as small yellow triangles drawn on the active path. Selecting a line in the event list causes the scenario to
move to the frame number at which the corresponding event occurs, displaying that frame number in the
field below along with the values of the four states in the further fields below. The frame location of the
event may be adjusted forward or back using the arrow buttons beside the frame number field. The values
of the state variables may be changed using the drop-down lists on the state fields. The highlighted event
may be deleted with the delete button. An new event is inserted by moving to the frame where the event is
to occur (using the scrollbar at the bottom of the main display window) and then changing one of more of
the state fields on the edit events dialog box.

A button is provided to save changes to the event list. As noted earlier, saving changes on either
the edit path dialog box or the edit events dialog box actually saves both the path vertex (PTH) file and the
event (EVT) file for the path. '

2.3.5 Additional Menu Items

The remaining items on the PathEdit menus will now be discussed. The items on the File menu
are Edit Scenario, Edit Path, Edit Events, Close Scenario, and About Pathedit. The first three of these are
used to move to one or the other of the three corresponding edit dialog boxes discussed in the previous
sections. Close Scenario is used to return to the state where only a terrain but not a scenario is loaded.
This is needed because the first two menu items under the Parameters menu are available only in that state.

The items on the Parameters menu are Edit Terrain Parameters, Edit Depth Table, and Display
Ranges. Edit Terrain Parameters brings up a dialog box allowing the three viewing parameters discussed
in the section 2.2 to be changed. Edit Depth Table brings up a dialog box allowing the user to generate or
edit the DEPTHXX.TXT file discussed in section 2.1. That file contains a table relating raster line
numbers and ground depth values. While the dialog box is displayed, depth values which have been
loaded from the existing file are shown only in a column labeled “old” and a column labeled “new” is
blank. Pressing the left mouse button down while moving the mouse cursor over ground locations in the
image fills values into the “new” list from those found at the pixel locations of the mouse in the terrain
depth (DEP) file. The user can then cause those new values to replace the old in the DEPTHXX.TXT file
by hitting the save changes button.

The Display Ranges menu item is available only when a scenario is loaded. It brings up a dialog
box listing the minimum and maximum ranges occurring within each path in the scenario. This dialog only
displays information and cannot be used to edit or change any parameters of the scenario. The refresh
button causes the values displayed to come up to date with any changes caused by edits which have
occurred since the dialog box was displayed. A

The items on the Run menu are Test Mode, Go, Pause, Reset, and Display Run Info. The Go,

Pause, and Reset items are menu equivalents of the corresponding buttons displayed at the bottom of the



main program window. Test Mode refers to running the scenario outside the context of any editting.
When in test mode, the available scenarios are listed at the bottom of the file menu, and these include
scenarios for which no path vertex files are available. Also test mode allows the mouse to be used to pan
around the terrain image by clicking on the left mouse button within the display window and then moving
the mouse. To return from this panning mode, click the left mouse button again. To go back to the normal
editting mode, select edit scenario from the file menu. The Display Run Info only works in test mode and
toggles display of the run controls at the bottom of the display window.

The items on the View menu are Zoom In, Zoom Out, AutoScroll, Draw Active Path, and
Repaint. Zoom In, Zoom Out, and Repaint are fairly seif-explanatory. The other two items are toggles,
which when turned on show a check mark. When AutoScroll is on, moving along the scenario timeline
causes the display to scroll as needed to keep the active target in view. The Draw Active Path setting
determines whether the active target path is drawn. Normally one would want it turned on while editting,

but perhaps turned off to view the results.




3. The Depth Finder Program

3.1 Overview

The second problem addressed during this task is that of generating per-pixel depth information
for digital photographs of real terrain. We note here at the outset that whereas the PathEdit program is in a
fairly mature state, at least for the problem of creating and editting paths for the artificial terrain scenes
used at present, the Depth Finder program should be considered a work in progress or demonstration
program at this stage of its development. A follow-on task to continue developing this program is already
in place. However the program as developed to this pbint does demonstrate that the approach to extracting
depth information works and, with sufficient time and effort on the user’s part, the program can be used to
generate per-pixel depth images for real-world terrain using photography from an inexpensive digital
camera. This study was carried out working with a midrange consumer level camera, the Kodak model
DC50.

Depths are derived

from a pair of photographs
of the terrain from slightly
different vantage points;
called a stereo pair. Figure
5 shows the display of a
stereo pair within Depth
Finder. Extracting 3D

information from stereo

photography is a standard
problem (perhaps the central Figure 5: Displaying a Stereo Pair in Depth Finder

focus) of photogrammetry. Methods of solving this problem are discussed in a number of textbooks as
well as the encyclopedic Manual of Photogrammetry published by the American Society of
Photogrammetry. While our problem is a bit different from the most common case dealt with in the realm
of photogrammetry (verticél aerial photographs taken with metric cameras), the basic techniques are the

same. As described in more detail in the following sections, we first derive interior orientation (10)

parameters allowing pixel coordinates in the digital images to be related to real-world coordinates on a
virtual imaging plane; then object or feature locations appearing in both photos are used to derive the

relative orientation (RO) of the two cameras to one another. Together the parameters of IO and RO allow

one to derive 3D coordinates of points relative to the (left) camera, called model coordinates, by finding

the intersection of reconstructed rays from the two cameras back to the object. The z-component of these

model coordinates is the point’s depth.



So far this explains how to obtain depths for individual points which have been measured on both
photos. Here measuring a point refers to identifying the pixel coordinates of the point. At present this
measurement is done by manually placing the mouse cursor at the point’s location in the image display
window and clicking a mouse button, but work is currently in progress to add computer assistance and
automation to the point measurement process. Depth Finder displays a small cross symbol at each
measured point. Figure 5 shows a number of these (red) crosses; for example there are several points
around the perimeter of the stop sign which have been measured on both photos.

Having obtained depths for individually measured points, the other major step to be performed is
to fill in depth values for the various regions of the image between and around those points. The left image
is used as the basis for this process, or more precisely the portion of the left image representing terrain also
visible in the right image, called the overlap area. The goal is to assign a depth value to each pixel in this
overlap area. Again development of computer assistance and automation techniques for this problem is
underway, while at present the method of filling in these depths is a mostly manual operation, based on the
methodology of computer “paint” programs. The user defines a region of pixels, called the current
selection, and then applies either a single depth or a planar depth equation to this set of pixels. In the first
case the depth of one of the measured points is used or a manually entered value. In the second case,
several of the measured points are used to define the planar surface, such as several points on a relatively
flat portion of the ground or an object such as the stop sign of Figure 5.

Each of the two sets of parameters (10 and RO) is obtained by the method of least squares
adjustment, a mathematical procedure discussed in general terms in section 3.2. Then the specifics for
each of the two adjustments are discussed in sections 3.3 and 3.4. Section 3.5 describes the files used by
Depth Finder to hold parameter values, point measurements, depth images and user preferences. Finally

section 3.6 briefly describes operation of the Depth Finder program itself.

3.2 Mathematical Preliminaries: Least Squares Adjustments

This section contains background material on the mathematical procedure known as least squares
adjustment which underlies the methods in the next two sections. This section may be omitted on a first
reading or by those not needing to follow all the mathematical details.

The term adjustment in this context derives from the idea that measurements contain small errors
which render them inconsistent with equations (conditions) which they should in theory satisfy; thus the
measurements need to be “adjusted.” However for our purposes the usefulness of the adjustment
procedure is not to obtain better measurements but rather to determine the values of parameters involved in
the condition equations. The general formulation we will be using starts with t condition equations relating
n unknown parameters X,, X,, ..., X, and q measurement variables y,, y,, ..., ¥, The measurement data
available for the adjustment consists of k vectors, each specifying values for y;, y,, ..., Y¢- The condition

equations may be written as




fl(xl, X2, veey xn, yl, y2, vesy yq) = 0
£(X1s X25 o0y Xy Y1y Y25 0 Y) =0

(X1 Xa5 s Xpy Y1 Y25 s Yg) = 0
The set of t equations may be expressed as a single vector equation f(x, y) = 0. For the moment we
suppress the dependence on the measurements and treat f as a function of x only. Let x, denote an initial
approximation for x. Assuming that f is differentiable at x,, we may write f(x) = f(xy) + df(xy)Ax + g(Ax),
where Ax = X - X, and ¢ is the error function representing the deviation of f from its linear approximation; it

satisfies e(Ax)/Ax — 0 as Ax — 0. The differential df(x,) is the matrix of partial derivatives evaluated at

Xo:
A
X, ox,
df = | : :
of, of,
ox, x|

If the initial approximation is good, we may improve on it by ignoring the error term and solving the
equation

f(x,) + df(x)Ax = f(x) =0, or

df(xy)Ax = -f(x;).

This last equation is a vector equation having t components. Thus it is a system of t linear equations in n
unknowns whose coefficients depend on the measurements. By plugging in each of the k measurement
vectors ¥y, ¥z, - Yi» We get m = tk linear equations in n unknowns: BAx = C, where
B =[df(xg, y;) df(xe,y5) ... df(Xe, ¥q) ]T and C={ -f(xo, y;) -f(Xg, ¥2) ... -f(Xg, ¥g) ]T. If there are
sufficient measurements, the system of equations is overdetermined. Its least squares solution is given by
Ax = (B"B)'B"C. The vector Ax thus obtained is added to the initial approximation x, to obtain the new
approximation x. This process is repeated until a convergence criterion is met, such as that all components

of Ax are smaller than some predefined value.




3.3 Camera Geometry and Callibration

The perspective projection discussed in section 2.2 is the starting point for mathematically
modelling the imaging process. However, here there will be no simplifying assumptions about the
relationship of the camera to the ground or about the ground geometry itself. The parameters y. and f
shown in Figure 1 are reduced to their most simple form y, = 0, f = 1. However, where externally
measured coordinates of points are available, these are in a separate coordinate system, called ground or

object coordinates. The 3D coordinate system of Figure 1, having the center of projection at the origin and

positive z-axis along the line of sight, is called the camera coordinate system. Coordinates (x’, y’) where

a point is imaged on the plane z = 1 will be called virtual photo coordinates. We can think of these

coordinates as measuring where a ray of light coming from an object into the camera intersects an
imaginary glass pane placed one meter in front of (the center of projection of) the camera. The perspective
projection (or collinearity) equations from section 2.2 reduce to

X' = X:/2Z¢

y' = Ye/Ze
where (x., Yo, zc) are the camera coordinates of a point. (The symbol y. is being used differently here,

the previous usage no longer being needed.) The parameters of the transformation from virtual photo

coordinates to the pixel coordinates of the image are said to define the interior orientation (IO) of the

photograph. If the camera is very well-behaved this transformation is simply a 2D scale and translation.
However, we have found that lens distortion is too significant to ignore, so parameters for (radial) lens
distortion are included as well, using a standard photogrammetric model. Currently it appears that these
interior orientation parameters are consistent enough across various photos taken with the same camera,
that we can treat these parameters as being camera constants, and we refer to determining these parameters
as camera callibration. The interior orientation parameters are scale parameters c, and c,, translation
parameters x,” and y,”, and lens distortion parameters k,, k,, and k;. The equations relating virtual photo

to pixel coordinates are

X' = o (X" - %xo”) (1 + kir + kpor? + kar’)

v'o= oy (¥ = v (1 + kir + ker? + ksr?)

where r = (x” - %)% + (y" - yo”)?

The other parameters of the single photograph are six parameters of exterior orientation (EO),

which relate object and camera coordinates; i.e. they specify how the camera was oriented relative to the
external coordinate system when the picture was taken. The EO parameters are three angular parameters

®, ¢, and « and three translation parameters X,, Yo, and Z,. The former are rotation angles about the three



coordinate axes and the latter are the object coordinates of the camera center of projection. Then camera

coordinates (x., Ve, Zo) are related to object coordinates (x, y, z) by the following equations:

Xc X—XO

y. |=M|y-y, |, where

zZ, z—-12,

1 0 0 cos(p) 0 sin(p) || cos(x) sin(x) 0
M=MMM, =0 cos(w) sinw) 0 1 0 ||—sink) cos(x) O

0 —sin(w) cos(w)||—sin(p) O cos(p) 0 0 1

The method used by Depth Finder to callibrate the camera is to combine the IO and EO parameters
together into a single least squares adjustment. Two condition equations are derived by writing the original
collinearity equations in the form

Xe = 2zx' =0

Yo = 2y =0
and then substituting the expressions obtained above for x., ye, 2., x’,andy’. The adjustment seeks

to find values for the 13 parameters (7 IO and 6 EO parameters) which best fit measurement data
consisting of object and pixel coordinates for a set of points. Thus each measurement vector has 5
components (3 OBject coordinates and 2 pixel coordinates). The procedure assumes that independently
obtained 3D object coordinates for the points are available; such points are called control points. The
purpose of the adjustment is to obtain the IO parameters, but by carrying the EO parameters into the
adjustment the control points can be in any convenient coordinate system without carefully positioning and
orienting the camera relative to that system. Thus points may be marked and measured on some rigid
object having a natural coordinate system of its own. As outlined in section 3.2, the adjustment procedure

is iterative, and requires approximate initial values of the parameters.

3.4 Relative Orientation and Depth Computation

Given the 10 parameters, which under our assumptions apply to both photos of a stereo pair, we

now discuss the problem of computing the relative orientation of the two cameras relative to one another.

Relative orientation may be regarded as a special case of exterior orientation in which the two coordinate
systems are the left and right camera systems. In our conventions we treat the left camera as the one which
is fixed, so that its coordinates are the object coordinates of EO. Thus the previous EO equations apply to
RO by taking the camera coordinates (., y., z.) to be right camera coordinates (2, Yz, zg) and object

coordinates (x, y, z) to be left camera coordinates (x, Y1, z1), giving




Xr XL =X
Yr |=M| YL =Y
Zg Z,—Z,
where the rotation matrix M is defined as before. A point has left and right virtual photo coordinates given
by perspective projection as before:
(3 = CE I v =GR
L 4L R 4R
The left and right rays from perspective center to image point on each virtual photo are
r, = (XL vy, 1)
ry = (X, Yz, DM

where ry includes multiplication by M so that both rays are written in left camera coordinates. If these two

rays are actually pointing at a common 3D point in the scene, then they are coplanar; the common plane
also contains the baseline vector b = (%, Vo, zo). This observation gives rise to the so-called coplanarity
condition: b - (z; x rz) = 0. We use this as the single condition equation in the least squares
adjustment. In this adjustment a measurement vector has four components, consisting of the left and right
pixel coordinates of a point measured on both photos of the stereo pair. The parameters to be determined
are the six EO parameters X,, Yo, Zo, ©, ¢, and k. However, each iteration of the adjustment is performed
with x, fixed, so that only the five remaining parameters enter as variables in the function f discussed in
section 3.2. This prevents the adjustment from reaching the trivial solution b = (0, 0, 0). After each
iteration the baseline vector is rescaled to its initially given length, which is an input to the adjustment
procedure. The standard photogrammetric procedure is to take this baseline length to be 1 during RO so
that model coordinates are not scaled to real-world units, then to find the actual scale later during what is
called absolute orientation. Our procedure at present is to take the baseline length as an input to orienting
each stereo pair. Thus the user should measure or estimate the ground separation of the camera positions
when the stereo photos are taken.

Once the relative orientation parameters have been computed, depth computations proceed by
stereo reconstruction as follows. Given the left and right pixel coordinates, the IO parameters are used to
compute left and right virtual photo coordinates. From these and the matrix M (computed using the RO
angles), we can compute rays r; and ry from the equations above. Because measurement errors exist,
these rays typically fail to exactly meet at the object point of interest, so we take the object point to be the
midpoint of the line segment joining points of closest approach on the two rays. That segment is
perpendicular to the two rays and hence its displacement is a multiple of r, x ry,say y(r, x ry).
Letting ar;, and Bry be vectors from the left and right camera centers to the points of closest approach, it
then follows that

or; +y(ry x ry)=b+Prz.



The object point is axy+ (y/2)(r, x rz). To compute o and y, take dot products of the equation above
withr;, x rrandry x (r. x ry), respectively to obtain
Y|rL X rR|2= b- (r, x xR)

(XlrL X rRI2= (bx rR) . (rL X rR)

3.5 File Structure

In addition to the executable file DEPFIND.EXE, Depth Finder makes use of a number of files
described below. Some of these must exist prior to running the program; others are generated when
saving results.
(1) Initialization file

This file, named DEPFIND.INI, must reside in the same directory as the executable program file

at startup. It is an ASCII text file holding initialization parameters. Each line is of the form

parameter name = value

Here is an example of the file contents:

image dir = c:\usr\images\

io = 359.160992 254.257195 0.001249 0.001249
lens = 0.003502 -0.000263 0.000016
selection color = 255 130 125

eraser_size = 1 )

data file = C:\usr\SED\depfind2\campus.txt

The first line above specifies the directory where image files are stored. The next two lines specify 10
parameter values, the first line listing (in order) %o, yo”, cx and c, and the second k;, k,, and k;. The
next two lines are the current settings for the selection color (red, green, blue) and eraser size in pixels.

The last line specifies the data file, explained below, to be used at startup.

(2) Image files

Image files must reside in the directory specified in the initialization file and must at present be
true color (24 bits per pixel) in the MicroSoft bitmap (BMP) format. |
(3) Data files

One or more of these files may be used during a given program session. The data file loaded at

startup is the one specified in the “data_file” line of the initialization file. A different file may be loaded




using the Open item on the File menu. The file contains sections labeled with the keywords within

brackets; here is an example of the file contents:

[parameters]

left image = cordOl.bmp
right image = cord0Z.bmp
base length = 14.000000

linear units = inches

[control]
100 0.000000 0.000000 0.000000

101 10.000000 0.000000 0.000000
102 20.000000 0.000000 0.000000
103 30.000000 0.000000 0.000000
104 40.000000 0.000000 0.0060000
105 50.000000 0.000000 0.000000

[measurements]
image = cordO0l.bmp
100 44736 36352
101 66368 35712
102 88128 35136

103 109888 34688

104 131200 34176
cord02.bmp
100 32512 35904
101 53248 35136
102 74624 34624
103 96320 33856
104 118080 33280
105 139776 32832

image

The parameters section contains the filenames of the left and right image files, the base length, and a
setting for linear units, which can be “meters” or “inches.” The base length and coordinates of control
points in the data file, as well as the display of other coordinates in dialog boxes, are given in linear units.
The control section gives 3D object coordinates of control points; the first field is an integer “point id”
identifying the point. The measurements section is divided into subsections headed by an “image =
filename” line specifying an image, followed by point measurements for that image. The measurement

lines consist of a point id followed by subpixel x and y coordinates, where a subpixel is 1/256 of a pixel.




(3) Depth file

The output of the program is a depth file corresponding to the left image of the stereo pair, containing a 16-
bit depth value for each pixel of that left image. The filename is derived from the image filename by
changing the extension from “BMP” to “RNG”. The file has no header or other padding, just the depth
values starting with the upper left pixel and proceeding by rows down the image. The depth values are
interpreted as

0 = unassigned depth

1 =sky

2 - 65535 = unsigned integer depth in tenths of a meter

3.6 Program Operation

Because Depth Finder is still under development the material in this section is likely to undergo
significant changes. For that reason, these instructions will not be as detailed as those given for PathEdit.
At startup Depth Finder reads the initialization file and if a data file is specified there, reads that file as
well. This tells the program what images to load. At any given time the program can have one or two
images loaded. When two images are loaded the main program window is split into two side-by-side
image display windows as shown in Figure 5. Any point measurements found in the data file are indicated
by cross symbols. The display of these symbols can be suppressed by unchecking that option under the
Options menu. A different data file may be opened using the Open menu item. The current point
measurements as well as other data may be saved into the most recently opened data file with the Save
menu item, or saved to a new data file using Save As. Different images may be loaded without reading a
different data file using the Select Images menu item. The Close Right Image item allows the user to
switch from having two images loaded to just one.

Various program operations cause messages to be written into the message log, which can be
displayed using the Message Log item on ‘the Dialogs menu. The Write Message Log item under the File

menu causes the current contents of the message log to be written to a file named msglog.txt.




To measure points, first display the

Measured Points

Point List dialog box (under the Dialogs menu)

shown in Figure 6. The active point, whose id
is shown in the field near the top, is the point
currently being measured. If that point already
has a measurement on one or both photos, its
measured coordinates are shown in the point list
below, and its symbol changes from red to
yellow in the image display. The active point
may be changed in several ways: (1) selecting a

row in the point list or control point list, (2)

keying in a new point id and hitting the apply

button, (3) hitting the plus button, or (4) using Figure 6

the grab point command. The plus button

causes the point id of the active point to increment to the next larger integer; it is convenient for measuring
several points with sequential point ids. The grab point command is activated under the Commands menu;
once activated if the left mouse button is hit with the mouse cursor in the image display window near a
measured point, the closest such point becomes active. If Active Point Centering (under the Options menu)
is turned on, then each time a previously measured point becomes active the image or images on which it is
measured scroll so as to center the measured point in the display window. Once a point is active and the
Measure Point command is active (under the Commands menu), hitting the left mouse button with the
mouse cursor in the image display window causes the current mouse cursor position to be interpreted as the
point’s measurement. If it was previously measured, that measurement is updated. The coordinates are
displayed in the point list. Typically in measuring a point the user will want to scroll the image or images
to the area of interest, then use the Zoom In command to allow precise positioning of the mouse cursor.

To perform camera callibration, a collection of control points must be externally measured and
those measurements entered into a data file (under the control section). A single photo must be taken so
that the control points appear in a well-distributed manner (extending as much as possible across the image
from top to bottom and right to left). The points should then be measured on this photo, using the pbint ids
given to the points in entering their control coordinates in the data file. This may be conveniently
accomplished by displaying the Control Point dialog box (under the Dialogs menu) and selecting the points
listed there in turn to make them active. After the measurements are completed, select Camera Callibration
on the Commands menu. Results are displayed on the message log. Also adjusted point symbols may be
displayed along with the measured point symbols, using Show Adjusted Points on the Options menu.

Select Save on the File menu to save the measurements.




To perform relative orientation, choose a data file designating left and right images and a baseline
length. Measure at least six points on the two images, then select Relative Orientation on the Commands
menu. Results are displayed on the message log. Also the point list can be switched to show model
coordinates rather than pixel coordinates. These are the result of the stereo reconstruction process
described in section 3.4, with the z-coordinate representing depth.

To begin creating or editting the depth image, first display the Range Dialog (from the Dialogs
menu), which is shown in Figure 7. Note that the term “range” is used interchangeably with “depth” here.

The range image is based on the left image, so it

may be helpful to select Left Only under Images To Assign Rnge Values
SN ey

Display on the View menu. Next define a region
within which depths will be assigned; this region is
called the current selection. The Select menu
contains items for selecting individual pixels, lines,
or rectangles in the manner of a paint program.

The current selection is highlighted over the left

image using the current selection color, which can

Figure 7: Range Dialog

be changed by choosing “Set Selection Color ...”.
The Range Dialog allows for three region types: Sky, Single Range Region, or Sloped Region. Actually
Sky and Single Range Region are essentially the same, each being a region in which a single range value
will be assigned to every pixel; the only difference is that the special range value 1 is used for Sky, whereas
the range for a Single Range Region is based on that of a measured point. To select the point whose range
is to be used, make sure there is a check in the box labeled “Use next point made active”; then make the
desired point the active point as discussed above. The most natural way to do this is probably by using the
grab point command (Commands menu). The point id will appear next to Points Used on the Range
Dialog. It is also possible to type a range value into the field labeled Range. At this point, hitting the
Apply button will cause the range value to be assigned to the current selection. To assign ranges to a
sloped region, at least three points must be used. Points may be added to the list of points used by making
them active. The Points Used field may be cleared by reselecting a region type. Again once the desired
points have been selected, hit the Apply button to assign ranges to the current selection. This time the
ranges are assigned based on the plane which best fits the points used. To view the resulting range
assignments, use Clear Selection on the Select menu and then Overlay Range on the View menu. This
displays ranges in a pseudocolor manner over the left image.

The exact order of the operations described in the previous paragraph is not important. For
example, the current selection may be defined after choosing points for a sloped region, or part of the
region selected before choosing points and part after. Also additional points to be used may be measured

during the assignment of ranges; display the point list dialog box and proceed to measure new points as




described earlier. Note however that a point must be measured on both images for its model coordinates to
be computable, giving it a range.

Pixels may be removed from the current selection by “erasing” them out of the selection using the
right mouse button, while Mark Pixels on the Select menu is checked. Eraser size options are provided
under the Options menu analogous to brush size in a paint program.

A method is provided for selecting groups of pixels having similar color values. To do this first
select a region to be used as a sample. Then go to Record Sample Statistics on the Select menu. The
minimum and maximum values for each of red, green, and blue are computed. Now select a larger region
containing thé region of interest and finally go to Select By Sample on the Select menu. The current
selection is trimmed back to include only those pixels falling within the ranges for red, green, and blue
found earlier.

If the current selection includes pixels to which ranges have already been assigned, the new
assignment will override the previous assignment. If the user wishes to avoid this happening, the Clear
Pixels with Ranges item on the Select menu may be used to remove such pixels from the current selection.
On the other hand, overriding previous assignments is useful in assigning depths first to ground pixels and
then to occluding objects above the ground.

The Save item on the File menu saves both point measurements into the data file and the current
range image. The Save As item only allows for renaming the data file; the filename for the range image is

always based on the image filename as discussed in the previous section.




